In this review, we focus on the experimental demonstration of enhanced emission from single plasmonic tunneling junctions consisting of coupled nano antennas or noble metal tips on metallic substrates in scanning tunneling microscopy. Electromagnetic coupling between resonant plasmonic oscillations of two closely spaced noble metal particles leads to a strongly enhanced optical near field in the gap between. Electron beam lithography or wet chemical synthesis enables accurate control of the shape, aspect ratio, and gap size of the structures, which determines the spectral shape, position, and width of the plasmonic resonances. Many emerging nano-photonic technologies depend on the careful control of such localized resonances, including optical nano antennas for high-sensitivity sensors, nanoscale control of active devices, and improved photovoltaic devices. The results discussed here show how optical enhancement inside the plasmonic cavity can be further increased by a stronger localization via tunneling. Inelastic electron tunneling emission from a plasmonic junction allows for new analytical applications. Furthermore, the reviewed concepts represent the basis for novel ultra-small, fast, optically, and electronically switchable devices and could find applications in high-speed signal processing and optical telecommunications.
Introduction
Generally, antennas are used to enhance the radiation or detection of electromagnetic waves. This also holds true for optical antennas, which are applied in the spectral region of optical frequencies [1, 2] . Adapting the concept to this regime however leads to certain limitations. At optical frequencies, metals are no longer perfect conductors, and light can penetrate the metals. High losses, resonances, etc., are the consequences. Nevertheless, these drawbacks also provide high mode confinement, and localized surface plasmon resonances (LSPRs) offer high Purcell factors with an enhanced local density of optical states [3] . Recently optical antennas have gained great attention, e.g. for focusing visible light down to a small fraction of the wavelength, far beyond the diffraction limit [4] [5] [6] .
The simplest type of an optical antenna is a single noble metal nanoparticle, e.g. a gold nanosphere [7] , which can efficiently convert electromagnetic waves from free space to a localized surface plasmon (LSP) [8] and create enhanced electric fields at its surface, or enhance the emission of a quantum system by transforming the near-field information into far-field radiation [9] . Furthermore, the short dephasing time of the LSP [10, 11] can additionally enhance the signal of a nearby quantum system by altering the lifetime of the excited states [8] .
These effects are widely used to enhance spectroscopy response [12] , photon conversion [13] [14] [15] , or nonlinear effects [16] [17] [18] .
However, the shape of the antenna is an important parameter. Triangles and nanorods concentrate light much more effectively than a sphere [19] . By engineering the size and the aspect ratio, the LSPR of such structures can be tuned over a wide range to adjust the antennas to the requested spectral operating window [20, 21] . Moreover, these geometries control the direction and polarization of the emitted signal [22, 23] . Even further improvement can be achieved by coupled antennas [24, 25] consisting of two or more closely spaced nanoparticles [26, 27] , which leads to a strongly enhanced optical near field in the gaps between the constituents [28, 29] . The strong confinement in the gap region is extremely localized and allows for ultra-compact sources of electromagnetic radiation. The multiple particle design offers the opportunity to electrically contact the antennas as electrodes with a tunneling junction in between by directly attaching leads to the structures [30, 31] . Unfortunately, it is impossible to externally generate oscillating currents in the near-infrared or optical frequency range, so they normally cannot be directly driven by electrical generators. In most cases, these antennas are excited either by thermal or, most commonly, by light sources.
Luckily, there are some workarounds for this limitation. The most common one, already known for more than 40 years, is the use of inelastic electron tunneling (IET) in metal-insulator-metal structures (MIMs) [32, 33] , where electrons transfer energy to excite an LSP mode. In the case of optical antennas with a sufficiently small gap to achieve stable tunneling, IET can excite the LSPR and thus directly drive the antenna with a DC voltage applied to the individual arms. Figure 1 shows some prominent different types of MIMs that can act as active optical antennas.
Generally, they are divided into two approaches, either the fabrication of planar or vertically arranged electrodes via lithography or MIMs created by scanning tunneling microscopy (STM), where the tip and sample act as the coupled system. Theoretically, the quantum efficiency (QE) of the electron to photon conversion in IET should be able to reach (10 −1 ) [34] . However, for many years experiments showed rather lower figures, more likely around (10 −6 ) [3] . Recently several groups have shown much higher QEs (~10 −4 ) by fabricating resonant gap antennas [31, 35] or via additional laser pumping QE (~10 −2 ) [30, 36, 37] . The complementary illumination with laser light creates a high concentration of the so-called hot electrons [38, 39] . The decay of LSPRs induces excitons with much higher energy than the thermal distribution, for which reason they are called hot carriers. These excited electrons have much longer lifetimes, up to picoseconds rather than the otherwise typical few 10 fs [39] , and enable processes that are not possible with thermalized carriers [39] . Section 2 introduces different kinds of antennas from single to coupled types and describes the effect of IET and how to generate high-frequency currents with a DC voltage to drive the antennas. Section 3 shows major approaches for experimentally producing and measuring small gap antennas. Section 4 finally describes the role of additional laser pumping to create a high concentration of hot carriers and their influence on IET.
Physical concepts

Optical antenna
The high concentration of free charge carriers in noble metals gives rise to high plasma frequencies, such that they can support surface plasmon polariton modes [40] . On metal-dielectric interfaces, these can travel over distances of multiple wavelengths [41] . Surface plasmon polaritons can be scattered or guided by edges or by constrictions and therefore be confined to small locations/ dimensions generating a LSP [42] . In small metallic structures, the band structure differs from that of the bulk material. Instead, the bands show discrete states that have certain resonances at specific wavelengths and create LSPR modes, which depend on the material and on the dimensions of the confined space. The localized plasmon modes gives rise to the strong enhancement of electric fields on rough noble metal films and have been used in surface-enhanced Raman spectroscopy [12] . The protrusions in these films act as local emitters and increase the excitation of molecules. High roughness increases the chance that two or even more tips are in close vicinity and form a coupled LSPR or hot spot, which shows the highest enhancement within the small gap between them and enables single molecule detection [28] . Another prominent route to fabricating plasmonic particles is wet chemical synthesis [43, 44] . Various routines have been developed to grow particles with many different shapes such as spheres, rods, and triangles [45] [46] [47] or multiple protrusion particles like stars [48] . However, rough island films are difficult to reproduce, and both the films and the colloidal particles offer limited control over the specific localization and the desired plasmon resonance wavelength.
The basic function of an antenna is to transmit or receive information transported by electromagnetic waves [49] . For an optical antenna, the first step is the localization of radiation to a quantum system like a molecule. The size of the quantum emitter is small compared with the wavelength of light. This mismatch lowers the efficiency of excitation and the radiation of the quantum system but can be improved by coupling to an antenna. A simple antenna structure to reduce the mismatch and bridge the size difference is a λ/2 antenna in the shape of a nanorod where the length determines the resonance wavelength. However, the penetration of light into metals introduces delays between the driving electric field and the free electrons, resulting in a resonance for lengths that are effectively shorter than the λ/2 condition by a factor of 2-5 [50] . Nevertheless, the interaction of quantum systems with optical radiation is greatly improved, when coupled to such an antenna. Electron or ion beam lithography can produce structures with a precision well below 10 nm, making them ideal tools for producing individual optical antennas. Over the last few decades, several different antenna types have been proposed and produced, of which Figure 2 shows a non-exhaustive overview.
A more advanced function of optical antennas is to manipulate the direction of the radiated power. A simple rod antenna has a dipolar emission profile. For simply enhancing signals to increase the information depth or to increase the excitation probability of quantum systems, this may be sufficient. For more complex functions, however, e.g. integration in electronic circuits, a more sophisticated control is required. A dipole will radiate into a large solid angle and hence even to unwanted directions, which can introduce cross talk with other functions. A prominent antenna configuration with a specific radiation direction and good control of the polarization [22] reprinted with permission from AAAS, a glass fiber tip with attached noble metal nanoparticles reprinted from Ref. [51] , negative splitring, gold cone on substrate [52] , vertical dimer gold-Al 2 O 3 -gold [52] , gold nanotriangles prepared by nanosphere lithography [52] , gold nanodiscs in quasicrystalline order [52] , star-shaped gold nanoantennas [52] , corral shape made from gold nanoparticles [52] , two coupled splitrings, connected bowtie antenna, cross antenna [26] , and coupled λ/2 antenna.
is a Yagi-Uda antenna [53] [see Figure 2 (top left)], which works also in the optical regime. However, this design is rather complex to fabricate with nanometer dimensions and additionally relatively big in size. Non-symmetrically aligned coupled antennas or statistically structured junctions [30] achieved by electromigration or cracks in gold wires show also reasonable directionality of radiation and are much simpler to fabricate.
Optical antennas are typically used to enhance the radiation of quantum emitters coupled to the antenna. In the case of an active antenna, an additional function is implemented. Here we present a review on active antennas where the emitted signal is produced in the structure itself by an external DC electrical field causing IET. This can be achieved either by designing the antenna such that the driving force from IET couples to a radiative LSPR mode [31, 35, 37] or by introducing artificially generated quantum states in the antenna by a functional coating with molecules on the antenna surface [36] .
Coupled optical antennas
The electromagnetic enhancement by an LSPR is the major benefit of an optical antenna. The highest enhancements can be reached by coupled antennas, where the strongest fields are generated within the gaps separating them. One of the simplest, nevertheless, often used types is the end-to-end coupling of two effective λ/2 rod antennas. The LSPR of such systems can rather easily be engineered, and their optical properties can be predicted by simulations [54] . The antenna behaves like a coupled dipole and thus has two fundamental eigenmodes, a lower energy bright and a higher energy dark mode. The radiation rate of the dark mode is greatly supressed; therefore, mostly the bright mode is of interest for active antennas. The coupling strength increases with decreasing gap sizes, and the energy splitting between the two modes increases, shifting the bright mode to lower frequencies. The electric field enhancement scales with the coupling strength and gaps smaller than a few nanometers show a nonlinear increase in enhancement [25, 55] , making them also suitable for tunneling junctions. However, with gaps smaller than about half a nanometer [56] , the quantum limit is reached, and the antennas cannot be treated anymore as two isolated particles, resulting in a breakdown of the hot-spot in the center. Over the past few years, many different variations of coupled systems have been fabricated and tested with a particular focus on quantum mechanical effects in plasmonic structures featuring subnano meter gaps [57] . Probably the most prominent type of a gap antenna is the so-called bowtie antenna, which was also one of the first structures proposed as an optical antenna [58] . Nevertheless, there appeared to be only little differences in the enhancement factors of different dimer structures showing the same resonance wavelength, and the overall dominating factor is the interparticle distance. Still, controllably fabricating gaps of few nanometers down to subnanometers between individual nanostructures remains a major bottleneck in the investigation of coupled optical antennas. By using top-down approaches such as electron beam lithography or focused ion beam milling, gaps of few nanometers can be fabricated [59, 60] , but for even smaller gaps, one often needs to rely on statistics or add additional measures such as flexible substrates or thermal reshaping [61, 62] . With the novel development of focused helium ion beam milling, the direct cutting of sub-5 nm gaps has come within reach [63, 64] . Extremely narrow gaps can be achieved, e.g. by electromigration or using break junctions [65] [66] [67] [68] ; however, these techniques result in random shapes in the gap area. Another possibility is the controlled photochemical growth of gap antennas [69] or electroless deposition onto particles, e.g. prepared by micellar litho graphy [70] , thus increasing the size of neighboring particles in order to decrease the gap size. Alternatively, dielectric spacer layers can be introduced between the antenna parts. Here atomic layer depositions offer excellent control over the thickness of conformally deposited oxide layers down to single atomic monolayers, which is particularly useful for vertical configurations [71] , but have also been demonstrated to create lateral nanometer gaps [72, 73] . The oxide can subsequently be etched away to create vertical air gaps [74] . Finally, molecular spacers such as self-assembled monolayers or short DNA strands offer just the right length scale for maintaining nanometer gaps. Such systems have been employed in different configurations, from binding pairs of nanoparticles [75] [76] [77] [78] to creating subnanometer gaps between metal layers and dispersed nanoparticles [79] . Alternatively, ultra-narrow gaps may be achieved by attaching the nanostructures to feedback controlled movable probe tips for sensitive gradual approach down to contact [56] .
For active antennas, an additional requirement needs to be fulfilled. The single antenna arm must be connected by strip lines as electrodes to apply the DC bias voltage. The attached metallic/conducting strip lines can interfere with the LSPR of the antenna arm and cause a perturbation decreasing the enhancement factor. To alleviate this difficulty, simulations and experiments show that leads that are connected at nodes of the electric field have a negligible influence on the antennas [80] .
Alternatively, a gap antenna can also be created by a noble metal tip that is approached to a noble metal substrate, an assembly well known from tip-enhanced Raman spectroscopy [5, 81] . The sharp metal tip can be modeled as a point dipole. At distances smaller than a few nanometers to a noble metal, this charge creates a mirror dipole in the sample surface, creating a gap mode like a coupled antenna [82, 83] . Instead of a flat surface, the tip can also be coupled with lithographically produced metal structures or nanoparticles [55] . This arrangement represents a vertical antenna with an excellent gap distance control. Recent experiments have shown that gap mode microscopy can have single molecule Raman sensitivity, showing comparable enhancement factors to the lithographically produced structures. Additionally, the hot spot of this antenna can be localized to an area smaller than a single nanometer [84] . To keep the tip near the surface, a feedback mode is required. This can be based either on atomic forces or on tunneling. The latter gives direct access to a vertical active optical antenna, as electric leads for the tip and the substrate are already integrated.
Inelastic electron tunneling
Tunneling junctions have been produced in various configurations. They are constructed as layered MIM sandwiches, flat metal surface-insulator-nanoparticles, or by STM. They all have in common that electrons experience a potential barrier when tunneling from one side to the other. Without an applied bias voltage and with both arms at the same potential, electrons are exchanged across the contact potential until the Fermi levels of the electrodes are equalized. By applying a potential difference between the contacts, a constant tunneling current can be generated. The number of electrons reflects the current, which can vary drastically from a few hundred picoamperes to several tens of microamperes depending on the applied bias voltage, material and the size of the junction. The largest impact by far is imparted by the metal to metal distance. Typically, electrons tunnel elastically (Figure 3) , and no energy is transferred to the surroundings. At a fixed distance and bias voltage, the elastic tunneling rate is only determined by the joint local density of states (LDOS) of the tip and the sample. By keeping the distance constant and sweeping the bias voltage, mapping of the LDOS is possible by recording a dI/dV curve, called scanning tunneling spectroscopy.
However, the potential barrier in the tunneling junction represents a Schottky barrier, and quantum particles like electrons may either be reflected or transmitted at the junction, leading to quantum shot noise [85] . The frequency of the noise scales with the applied bias voltage. To generate shot noise with optical frequencies, the bias needs to be around 2 eV (Figure 3) , as the energy of the bias voltage sets the energy limit for linear electron scattering processes. Then, an inelastically scattered electron can couple to a LSPR mode in the junction that decays radiatively. In distinct single gold or silver atom contacts, additionally some nonlinear processes become accessible [86] , which will not be discussed further here.
Experimental approach
In this section, we will focus on the most frequently used distinct methods to achieve active optical antennas driven by IET. Over the last two decades, the localized excitation of various systems like metal or molecular island films, single molecules, and metallic structures via IET has been extensively studied by light emission from a STM tunneling junction. These experiments offer precise control of the localization and gap distances, while the current feedback stabilizes the junction. Conversely, this arrangement is not suited to be integrated in an electronic circuit. In the past 5 years, several groups started to prepare active optical antennas on a chip. Improved electron and ion beam lithography gives rise to structures with small gap sizes, which can be modified to acquire stable tunneling junctions. An often-used approach is electromigration.
Here an electric field is applied to wires or junctions to migrate atoms in a favorable direction and create tunneling junctions or even single atom contacts or switches.
Scanning tunneling microscopy
Typically, platinum-iridium (Pt/Ir) or tungsten (W) tips are used in STM experiments. These metals offer high stiffness and stability. The first STM light emission experiments were performed with W tips on gold surfaces, showing radiative recombination via LSPRs [87] in the sample. However, the dielectric functions of W and Pt/Ir differ strongly from those of pure noble metals. Only several materials like gold, silver, copper, aluminium, or some metal nitrides possess sufficiently high concentrations of free electrons to exhibit a LSPR in the optical regime [88] . Therefore, later IET experiments were performed with Au and Ag tips, which form coupled resonant antennas and showed much higher light emission by a factor of more than 10 [89] . As discussed previously, for an antenna, the shape and aspect ratio also determine the resonance frequencies of the LSP. While the basic shapes of the tips are rather similar, the radius of the apex and the opening angle can differ considerably and have strong influence on the resulting IET spectra. Several calculations and experiments proved that a larger opening angle shifts the resonance to higher energies and larger radii of curvature of the apex increase the intensity [90] . Additionally, truncated tips and tips with a very large apex often show multiple peaks, which depend on the size and shape of the tip [91, 92] . For active optical antennas, tips that show a single band in the desired frequency range are especially of interest.
The bandwidth of the antennas is determined by the plasmon resonances, while the intensity can also be modified by the joint LDOS of the junction. This was nicely demonstrated by designing small atom chains [93, 94] or islands [95] . Silver atom chains were fabricated on a NiAl (110) substrate by field emission of the Ag tip. The onedimensional structure consisting of 10 Ag atoms is too small to show plasmonic features, which could be proven by IET. The spectra taken above the chain show the same spectral behavior as on the bare substrate. Nevertheless, the chain acts like a particle in a box, possessing several electronic states with an increasing number of nodes and antinodes for increasing energies (see Figure 4D ), which could nicely be shown by dI/dV spectroscopy. The same nodes and antinodes appear when IET photon maps are recorded, by scanning the tip with different bias voltages
3.45 V 2.85 eV above the chains. Other works that recorded photon maps on Au step edges (not shown in the figure) or nano triangles show standing wave patterns [see Figure 5 (I)] at constant bias voltages. They state that these different intensities are associated with electronic surface states altering the LDOS. Therefore, the intensity of IET is generated by two contributions, the radiative transition between the initial and final state and the coupling to the LSPR, which enhances the emission.
Another way to modify the junction has recently been shown. A short polymer chain on surface-synthesized poly thiophene is picked up by a STM tip and lifted in a controlled way, but still kept in contact with the Au surface [see Figure 5 (II, right)]. Normally, the luminescence of a molecule that remains in contact with the tip or the substrate is severely quenched by the metal. However, in this configuration, the molecule in the middle of the junction is decoupled from the metal by other molecules of the chain and can be excited by IET. Interestingly, the luminescence shows a strong non-symmetric polarization dependence, which is not shown here. Nevertheless, Figure 5 (IIB, C) describes the applied model for the behavior. With a negative bias voltage at the tip, above a certain threshold, electrons from the Fermi level can be injected into the lowest unoccupied molecular orbital (LUMO) of a molecule in the chain. This electron may combine radiatively with a hole injected into the highest occupied molecular orbital (HOMO), while the gap mode of the junction enhances the signal. However, with an opposite bias voltage, the energy level of the LUMO is not accessible from the Fermi level of the sample, leading to a lower QE of the IET. Hence, the junction shows the behavior of a light emitting diode while only consisting of a few molecules and thereby a convincing example of active devices with a size below several nanometers.
Lithography and electromigration
Notwithstanding the tremendous achievements and the high level of control that were shown by means of STM junctions, for device integration simpler arrangements are needed. An interesting and increasingly used method is the fabrication of planar coupled antennas by electron or ion beam lithography. Although these methods have increased in accuracy and resolution and show nanometer precision, the engineering of a gap between two antenna arms smaller than a few nanometers is challenging. However, effective IET is only possible with a gap size smaller than about a nanometer. To combine the lithographic control over the antenna shape and aspect ratio with sufficiently small gap sizes, various approaches have been introduced.
A recently presented study utilized monodisperse gold nanospheres covered with a ligand shell to introduce a double barrier tunneling junction in the gap of tailormade contacted λ/2 antennas. An atomic force microscope Electrons injected from the tip into the LUMO can radiatively decay into the partially emptied HOMO. For inverse bias (C), the LUMO remains above the Fermi level of the sample, and no intramolecular radiative transition occurs, taken with permission from [96] .
was used to push the spheres to the desired position in the gap and form electrically driven optical antennas. The antenna structures were top-down fabricated by focused ion beam lithography from single crystalline gold flakes, with gap sizes around the particle size. When a sufficiently high bias voltage is applied, the junctions emit light with a dipolar radiation pattern. The position and size of the particle have a strong influence on the achievable QE and the resonance frequency [see Figure 6 (I)]. Additionally, the authors constructed an equivalent gap in a strip line of the same thickness and width using the same kind of sphere, which showed no resonance in the optical regime and an order of magnitude lower QE to prove the enhancement of the antenna. Recently, the authors also produced optical Yagi-Uda antennas with a tunneling feed [97] . Despite the impressive results, pushing single particles to each desired position is time-consuming and ineffective for large-scale on-chip preparation. Another prominent way to produce two-dimensional tunneling junctions is the use of atom migration along an applied electric field. The junction in Figure 6 (II) was fabricated from a gold nanowire by Joule heating [30] triggered by a voltage applied to the two ends of the wire. In the process, an electrically induced constriction appears as the wire gets electrically thinned and the monitored conductance drops until a tunneling junction is formed [ Figure 6 (IIA)]. These junctions also nicely show IETdriven luminescence, which increases in intensity and blue shifts under an increased bias voltage. Nevertheless, antennas produced with this method offer poor control over the LSPR and the directivity of the emission pattern.
Consequently, in the latest results shown here (see Figure 7) , both methods were combined. The basic antenna configuration was fabricated by electron beam lithography where the electric connection leads are again placed at the calculated nodes of the electric field to minimize the perturbance of the antennas' LSPRs. Between the designated single antenna arms, a nano-constriction is implemented, which again can be transformed into a tunneling junction by successive electronically induced atom migration. In contrast to the previously shown experiment with the sphere connected to the active antennas, here an angle is introduced in the plane of the connected single arms, which forms a V-shape of the coupled arms. When these antennas are activated by IET, the V-shape leads to a unidirectional emission pattern with a maximum directivity of 5 dB (see Figure 7 , bottom). The directivity can be tuned either passively via the angle between the antenna arms or actively by the applied bias voltage. These experiments demonstrate promising on-chip optical transmitters, which emit photons induced by an applied electrical signal.
Inelastic electron tunneling and additional laser illumination
Despite the amazing results shown with purely IET-driven optical antennas, most investigations on optical antennas have been carried out under laser illumination. Within the last decade, there has been a tremendously increased interest in laser-induced hot carrier creation. Their role in plasmonic systems is discussed for various applications in catalysis and enhanced sensitivity and emission. Consequently, these hot carriers can also have a strong influence on tunneling-induced light emission from gap antennas. So far, experiments with IET-driven antennas that are additionally laser illuminated have only been undertaken in STM configuration. Nevertheless, these studies show a strong increase of radiative electron-hole recombination in optically pumped tunneling junctions, which cannot simply be explained by an additive superposition of both effects (light and IET excitation). The experiments were carried out on bare gold junctions [37] and on metal-molecule-insulator-metal contacts [36] , where the molecule introduces additional surface states. On bare contacts, the IET emission follows nicely the results of earlier studies as described in Section 3.1. The tips used in this experiment have large apexes and support three LSPR modes, which is in good agreement with theory (see Figure 8A , solid green circles).
The QE is estimated to about 10 −5 , which is rather high for the STM configuration and most likely owing to the large apex. For a junction illuminated at 633 nm and a low bias voltage, the IET excited LSPR modes are not present. However, an additional band appears, which is associated with optically excited radiative electron-hole recombination in gold and well known from tip-enhanced Raman spectroscopy with gold tips [98, 99] . The luminescence of gold is approximately five times higher than the maximum IET emission. With an increased bias above the threshold for IET, the photon flux is strongly increased (Figure 8) , and the spectra again show the three LSPR modes together with electron-hole recombination, but this time, the LSPR modes show the highest luminescence. This extraordinary enhancement in the IET process is explained by radiative recombination of hot electrons, which are created by the incident laser beam ( Figure 8B ). The increased lifetime of these hot carriers gives rise to a much higher radiative recombination rate via the LSPR modes.
In a second experiment, the STM junction was modified by introducing a self-assembled monolayer (SAM) on the gold substrate. The molecules of the self-assembled monolayer are chemisorbed on the sample. This way the HOMO of the chemically bound molecule forms an additional hybrid surface state, which was confirmed by X-ray photon spectroscopy. The pure IET excitation shows a similar behavior as the previously discussed lifted polymer chain (see Figure 9 ). The luminescence is strongly bias polarization dependent with a low number of photons emitted at a negative bias at the tip, while a positive bias shows a 25 times higher photon flux with a QE of about 10 −5 , analogous to a light emitting diode.
Under a sufficiently high positive bias, the tip injects holes into the HOMO of the surface state, which can radiatively recombine with an electron from the Fermi level of the sample. The single emission band nicely shows that the tip in this experiment was very sharp. However, when this junction is illuminated again with a 633 nm laser, the photon emission is even further increased and reaches a QE of almost 1%. Power-dependent spectroscopy reveals a nonlinear increase of the emission (see Figure 9D ) with an accompanied bandwidth narrowing, which implies a stimulated emission process.
This extreme enhancement is mainly given by the depletion of the HOMO of the surface-bound molecule via hole injection, while the laser-driven generation of hot electrons close to the Fermi level creates an inversion population (see Figure 9C ). The strongest enhanced Raman emission from the molecule then acts as an optical seed for stimulated emission in the cavity formed by the tip and sample and creates superluminescent radiation. This effect shows the concept on how optical enhancement can be even further increased.
Conclusion
In this review, different types of active optical antennas are discussed. All reviewed antennas are activated by inelastic tunneling with an intrinsic tunneling junction. We discussed several electrically connected planar gap types and compared them to metal tips used in STM configuration. The antennas have possible applications in the field of electronic and photonic hybrid circuitry. Compared with semiconductor structures, where the spontaneous recombination rate limits the bandwidth, devices built on inelastic tunneling are only restricted by the device capacitance and the ohmic resistance of its leads, which are both quite small. Hence, bandwidths up to the terahertz regime should be reachable [100] , and photon-triggered tunneling might be utilized for optical transistor operation [101] . For large-scale or on-chip implementations, it will be necessary to improve the design and the fabrication processes to increase the directivity and QE of possible devices. The QE is divided in the inelastic tunneling efficiency and the antenna efficiency. The later one may be improved by other antenna geometries with higher field enhancement in the gap, while the efficiency of inelastic tunneling is predicted to reach as high as 10% in the direct tunneling regime. The tunneling barrier height in all reviewed lightemission experiments has the same magnitude as the used bias voltages, which increases elastic tunneling to the vacuum level. The precise geometry of the junction and the gap material strongly manipulates the tunneling barrier, where for an optimized tunnel junction a device operation in the direct tunneling regime can be imagined. Therefore, cross-conjugated molecules in the gap can be utilized in engineer the tunnel barrier, while other types of molecules allow for additional conduction channels to increase the amplitude of the current noise and further increase the QE by enhancing the inelastic tunneling rate. Additional illumination can be used to excite hot electrons, which allows for additional processes such as stimulated emission and could also increase the efficiency.
